Abstract The inclusive production cross sections of the strange vector mesons K * 0 , K * 0 , and φ have been measured in interactions of 920 GeV protons with C, Ti, and W targets with the HERA-B detector at the HERA storage ring. Differential cross sections as a function of rapidity and transverse momentum have been measured in the central rapidity region and for transverse momenta up to pT = 3.5 GeV/c. The atomic number dependence is parametrised as σpA = σpN * A α , where σpN is the proton-nucleon cross section. Within the phase space accessible, α(K * 0 ) = 0.86 ± 0.03, α(K * 0 ) = 0.87 ± 0.03, and α(φ) = 0.96 ± 0.02. The total proton-nucleon cross sections, determined by extrapolating the differential measurements to full phase space, are σ pN→K * 0 = (5.06 ± 0.54) mb, σ pN→K * 0 = (4.02 ± 0.45) mb, and σ pN→φ = (1.17 ± 0.11) mb. The Cronin effect is observed for the first time for vector mesons containing strange quarks; compared to the measurements of Cronin et al. for K ± mesons, the measured values of α for φ mesons coincide with those of K − mesons for all transverse momenta, while the enhancement for K * 0 /K * 0 mesons is smaller.
Introduction
The search for a deconfined state of quarks and gluons in relativistic heavy ion collisions is a subject which has received much attention in recent years [1, 2] . It is a challenging task to find a signal that enables the discrimination of the short-lived locally deconfined state of quarks and gluons from a gas of confined hadrons. An enhancement of the strange quark fraction has been argued to appear in the quark gluon plasma [3] ; hence one expects an increase of strange hadron production in these processes.
The rate of strange particle production depends on the temperature at which the hadronization step takes place, and on the chemical potential. Hadronic interactions can influence the measurable strange particle rate in a two-fold way [4, 5] : they can induce transitions to other states, and, in the case of hadrons with a short lifetime, rescattering of the final state particles can take place, affecting the reconstructed invariant mass signal. Since the strength of these final state interactions depends strongly on the lifetime, K * 0 and φ mesons -where the lifetimes differ by a factor of about 10 -have been proposed as a versatile tool to study these effects in relativistic heavy ion reactions. The production of strange particles in proton-nucleus interactions serves as a baseline for these measurements and it allows to study the influence of nuclear matter on the production process.
Moreover, the study of the p T -dependence of the inclusive production rate of K * 0 and φ mesons in proton-nucleus (pA) interactions is of interest in its own right. Cronin et al. [6, 7] observed a nuclear enhancement of high-p T particles in pA as compared to pp interactions for stable particles. In this paper we report the first observation of the "Cronin effect" for strange resonances. The effect has been ascribed by many models to a broadening of the intrinsic transverse momentum of the primary partons participating in a hard scattering process [8] . On the other hand, a recombination model has been recently proposed [9] that also explains the observations. These models rely on free parameters which are determined by a fit to the data. Recently B.Z. Kopeliovich et al. [10] have formulated a parameter free description of the process. It explains the Cronin effect as a result of a convolution of the initial parton distribution affected by initial state interactions, followed by the hard scattering process and the fragmentation of the scattered partons. From this ansatz, it follows that the steeper the p T dependence of the cross section, the larger the Cronin effect should be, i.e. its strength should depend on the flavor composition of the scattering partons via its structure-and fragmentation functions dependence. Moreover, a weak energy dependence of the Cronin effect is expected [10] in agreement with the * 0 and φ Meson Production in Proton-Nucleus Interactions at √ s = 41.6 GeV observation of [7] for high-p T K ± mesons produced in proton-nucleus interactions in the energy range 200 GeV to 400 GeV.
None of these models explicitly address the issue of the dependence of the Cronin effect on the flavor or mass of the produced hadron. The measurement presented here should motivate and aid further theoretical efforts to understand the Cronin effect and thereby lead to a deeper understanding of nuclear effects in pA collisions, particularly in the area of strangeness production.
Data acquisition and event reconstruction
The data were collected with the HERA-B detector operated at the proton ring of the HERA storage ring complex. The pN center-of-mass energy was √ s = 41.6 GeV. The K * 0 /K * 0 data cover the rapidity interval −0.8 ≤ y ≤ 0.3 (in the centre-of-mass system) and a transverse momentum range of 0 ≤ p 2 T ≤ 12 GeV 2 /c 2 . The φ results were obtained for −0.7 ≤ y ≤ 0.25 and 0.3 ≤ p 2 T ≤ 12 GeV 2 /c 2 . Here the lack of data for p 2 T ≤ 0.3 GeV 2 /c 2 is due to the small opening angle of the φ decay in the lab system that makes the decay products escape through the beam-pipe.
The HERA-B detector is a forward magnetic spectrometer with a large acceptance for particles produced in the central region. The most important components of the detector for this analysis are a wire target [11] inserted into the halo of the 920 GeV proton beam, a vertex detector [12] followed by a magnetic dipole field of 2.13 Tm, a tracking system [13] using drift tube chambers, a Ring Imaging Cherenkov detector (RICH) [14] which enables the identification of K ± mesons above a threshold of 9.6 GeV/c, and an electromagnetic calorimeter [15] . A more detailed overview of the HERA-B detector can be found elsewhere [16] .
The analysis is based on data recorded in the run period 2002/03. From a total of 200 · 10 6 events collected with three different target materials a sub-sample of 132 · 10 6 taken in a 2-weeks period in December 2002 was selected to minimise systematic uncertainties. About 58·10 6 events were recorded with a carbon (C) wire target, 21 · 10 6 events with a titanium (Ti) target, and 53 · 10 6 events with a tungsten (W) target. As the data were recorded at a moderate interaction rate of 1.5 MHz, compared to a proton bunch frequency of 8.5 MHz at the target, only about 18% of all bunch crossings with the target produce an inelastic interaction. To reject empty bunch crossings an interaction trigger accepted only those events, where either the number of hits in the RICH was > 20 (for a β = 1 particle 32 photons are detected on average), or a cluster with an energy > 1 GeV was detected in the inner part of the electromagnetic calorimeter. The efficiency of the trigger was 99.9 % [17] . In parallel to the interaction trigger, events were selected in a random manner, regardless of whether or not they contained an inelastic interaction. These random events were used to study possible biases of the interaction trigger [17] .
The events were reconstructed with the standard HERA-B analysis package [18] , based on information from the vertex detector and the tracking system. Charged particles were identified by matching the tracks with rings reconstructed in the RICH. Using the track momentum information, the likelihood probability for charged kaons, protons, light particles (e, µ, π ± ), and a background hypothesis were calculated [14] .
The integrated luminosity was determined from the interaction rate at the target monitored by various devices and from the total inelastic cross section [19, 20, 17] .
3 Data analysis 3.1 K ± meson identification and K * 0 (φ) optimization
To identify K * 0 /K * 0 and φ, the decay channels for the K + K − combinations, respectively. In order to reduce the combinatoric background, K ± mesons were identified by the RICH. For the K * 0 (K * 0 ) candidates, the kaon identification was demanded for the positive (negative) track, while for the φ candidates kaon identification was applied for both tracks. Only K ± candidates with a momentum p K ≥ 9.7 GeV/c were considered, slightly above the kaon threshold of the RICH. While for the determination of the φ-signal, a soft likelihood probability cut of L K ≥ 0.3 efficiently suppressed the background, a harder cut of L K ≥ 0.95 was required for the K * 0 to reduce the combinatoric background. The non-existence of mass reflections has been checked by experimental data and by the Monte-Carlo (MC) simulation described in chapter 3.3. For momenta p K < 40 GeV/c the efficiency for identification of K ± mesons is high, amounting to about 90 %. For higher momenta the discrimination power drops and the misidentification probability increases, since for such momenta the Cherenkov angles for π and K mesons become * 0 and φ Meson Production in Proton-Nucleus Interactions at √ s = 41.6 GeV indistinguishable. The K meson identification efficiency has been determined by MC and checked with data [21] . A large fraction of the produced K * 0 and φ candidates were rejected by the momentum cut p K ≥ 9.7 GeV/c. Based on the MC simulation the total efficiency for K mesons from K * 0 and φ resonance decays to survive the RICH identification and the momentum cut was determined to be about 15 %. The significance of the signal was improved further by applying soft track quality cuts. In case of the vertex detector at least 6 hits per track were demanded. In the tracking system a cut of at least 15 hits per track was used to enhance the significance of the K * 0 (φ) signal without reducing the efficiency. On average, a track comprised 12 hits in the vertex detector and 40 hits in the tracking system, respectively. The K * 0 signal significance was improved further by applying a cut of p π ≥ 2 GeV/c to pion track candidates [22] . The cuts were optimised for significance using signal MC and real data background events.
Signal determination
Typical invariant mass distributions for the K + π − and K + K − combinations are shown in Fig.  1 , after application of the cuts mentioned above. To facilitate the extraction of the signal, the resonance was described by a relativistic P -wave Breit-Wigner [23] :
(1)
with
To take into account effects of the detector resolution the Breit-Wigner distribution was numerically folded with a Gaussian of width σ m in the fits of the measured mass spectra. It has been checked that the mass resolutions in experimental data and MC are consistent within errors. The mass m 0 of the resonance and the width σ m were free parameters of the fit, while the natural width Γ 0 of the resonance was fixed to its PDG value [24] . The number of resonance decays was estimated by integrating the fitted signal in the interval ±3Γ 0 around the resonance mass m 0 . A variation of the fit interval changed the yield up to 5%. The same was observed for the MC used for acceptance correction, thus compensating the effect seen in data.
The background was parametrised by expressions which have been applied successfully in other experiments. For the K * 0 /K * 0 the parametrisation of [25] was adopted:
where p 0 . . . p 3 are free parameters and q is the momentum transfer introduced above. For the φ meson the background was described by a parametrisation proposed in [26] :
I. Abt et al.: where m rel = m − 2m K and p 0 . . . p 3 again are free parameters of the fit. As shown in Fig. 1 , these combinations of signal and background functions describe the data properly.
It has been shown [21, 22] that both the fitted masses and the detector resolution σ m derived from the data were stable for the whole data taking period and independent of the target material. Also the resonance yields, normalized to the integrated luminosity, were stable during the whole data taking period. Table 1 summarises the K * 0 , K * 0 and φ statistics obtained after cuts, the reconstructed mass positions, and the experimental mass resolutions.
The bin size for the p 2 T -and rapidity (y-) distributions were chosen to be broader than the resolution determined from MC simulation. From MC we find that in each bin more than 80% of the reconstructed vector mesons were generated in the same bin.
Acceptance correction
Acceptance correction functions were determined from MC events using FRITIOF 7.02 [27] . The detector simulation was based on GEANT 3.21 [28] and includes the measured hit resolutions, mapping of inefficient channels, and electronic noise. The simulated events were processed by the same reconstruction chain as the data. Since the FRITIOF generator uses an approximation for the generation of hard parton-parton scattering, the MC p 2 T distributions show a steeper slope than observed in the data. To make sure that the reconstruction efficiencies and the influence of the analysis cuts are correctly described by the simulation, the MC events were reweighted in p 2 T according to the data for both the K * 0 /K * 0 and the φ meson. It was checked that after reweighting both the rapidity and azimuthal MC distributions match those of the data.
The total efficiency for each p 2 T -and y-bin was determined with the help of the reweighted MC events by comparing the number of reconstructed and produced K * 0 /φ mesons in each bin. Typical efficiencies vary between 5% and 30% [21, 22] . Studies of the systematic uncertainties show that they are negligible compared to the statistical error in the corresponding interval. Note that for each rapidity bin the efficiencies are determined by integrating over the measured p 2 T -range and vice versa. 
Systematic errors
Possible sources of systematic uncertainties have been studied in detail: Since especially the K * 0 /K * 0 invariant mass distributions are affected by a large combinatorial background peaking close to the resonance signal, an alternative background parametrisation to (3) was used, which was proven to be successful in studies of K * 0 production in e + e − -collisions [29] :
where p 0 . . . p 3 are free parameters. The signal yields obtained in most p 2 T -and y-intervals agree for the two analyses within their statistical uncertainty. The absolute difference of the yields, derived using the two background parametrisations, is considered as a systematic error. It amounts to about 2% for the integrated cross sections. For the φ meson a corresponding study [21] provided much smaller deviations, and their contribution to the systematic error can be safely neglected.
The variation of the analysis cuts, including the uncertainties in the kaon identification efficiency (2.0% per identified particle), resulted in a systematic uncertainty of 2.8% for the K * 0 /K * 0 and 6.2-7.1% for the φ analysis (depending on the target material). The systematic error of the luminosity consists of an overall scaling error of 2% and a target material dependent part of 3.8-5.0%, and the systematic error of the branching ratios [24] amounts to 0.1% and 1.22% for K * 0 → K + π − /K * 0 → K − π + and φ → K + K − , respectively. A systematic error on the track efficiency of 1.5% per track was estimated using K 0 s → π + π − decays [30] . A summary of all systematic errors is given in Table 2. 4 Experimental results
Differential cross sections
Due to limited statistics, we did not calculate the double-differential cross section, but rather determined the one-dimensional rates dN/dp 2 T and dN/dy, which were integrated over the measured y and p 2 T range, respectively. Given the corresponding one-dimensional efficiencies ǫ acc (p 2 T ) and ǫ acc (y), the differential cross sections can be written as: where x = y, p 2 T . BR and L denote the branching ratio of the decay and the integrated luminosity of the data set, respectively. The acceptance boundaries of the measurement in rapidity and transverse momentum squared are given in Table 4 . The measured cross sections for the K * 0 and the K * 0 mesons as a function of rapidity are shown in Fig. 2 . The cross sections are rather flat as expected in the central rapidity region [31] . The K * 0 cross sections are suppressed in comparison to the K * 0 cross sections by about 20%, in agreement with the results of the FRITIOF MC. The rapidity distributions for φ mesons produced on C, Ti, and W targets are shown in Fig.  4 a) . Again the cross section in the central region is flat.
Transverse momentum spectra are shown in Fig. 3 for the K * 0 and K * 0 . The spectra deviate from a simple exponential shape at large transverse momenta, which can be traced back to hard parton-parton scattering [32] . Common exponential parametrisations like dσ dp 2
or dσ dp 2
only fit the data for p 2 T 1 GeV 2 /c 2 . * 0 and φ Meson Production in Proton-Nucleus Interactions at √ s = 41.6 GeV Table 3 . Results of the power-law fits (9) for the differential cross sections dσ/dp 2 T . Fits were performed within the full p 2 T -range of the measurements and in the rapidity interval accessible by the experiment (−0.8 ≤ y ≤ 0.3 for K * 0 /K * 0 , −0.7 ≤ y ≤ 0.25 for φ). The last column gives the mean pT of the cross sections, calculated from the fit parameters. On the contrary, as is shown in Fig. 3 , a power-law parametrisation, dσ dp 2
describes the spectra over the full p 2 T range of the measurements. The p 2 T -spectrum of K * 0 mesons, which have no valence quarks in common with nucleons, is steeper than the K * 0 meson spectrum. Similar observations have been made in hard pp collions for K − mesons in comparison to K + mesons [33, 32] . In the latter case this observation has been traced back to the fact that K − mesons are, for the kinematic condition of the experiment, dominantly gluon fragments [34, 32] . QCD calculations [35] show that for a fixed value of x T = 2 p T / √ s the relative contribution of gluon fragments to K − (K * 0 ) production decreases while the sea quark share is enhanced when the CMS energy is increased. The same parametrisation (9) successfully fits the transverse momentum distributions for the φ, shown in Fig. 4 b) . The suppression of φ mesons as compared to K * 0 mesons by a factor of 3 to 4 is compatible with the known strangeness suppression in fragmentation processes [29] . No simple qualitative explanation exists for the observation that the K * 0 p T spectrum is steeper than that of φ meson.
The fit parameters for all particles are collected in Table 3 . Note that the χ 2 of the tungsten fits is considerably worse than those of the other target materials. This is likely caused by an enhancement of background due to the large multiplicity of the pW interactions. The differential cross sections dσ/dy and dσ/dp 2 T for K * 0 , K * 0 , and φ production are summarized in Tables 6   and 7 .
Integrated inclusive and total cross sections
The integrated cross sections in the acceptance region of the HERA-B detector are calculated by fitting the shape of the MC distributions to the differential cross sections dσ/dy. Figure 3 . Measured inclusive differential cross sections dσ/dp production. The errors given are statistical only. Fits to the parametrisation (9) are superimposed. Table 4 . Extrapolated total cross sections σpA, and integrated inclusive differential production cross sections σvis within the accessible phase space of the measurement. The errors denote the statistical error and the combined systematic error, respectively. The rapidity and p
2
T coverage of the measurements are given in columns 3 and 4. For the φ meson, R extr p 2 T denotes the factor used for extrapolation of the integrated cross sections to p 2 T = 0. ∆σvis is the fraction of the total cross section within the rapidity coverage of the measurement, based on the FRITIOF [27] and HIJING [36] Monte-Carlo generators. Note that for these numbers the p 2 T -extrapolation for the φ cross sections was applied beforehand.
38.5 ± 0.7 ± 2.7 1 27.3 ± 0.7 W 465.9 ± 6.4 ± 32.7 127.5 ± 1.7 ± 8.3 1 27.4 ± 0.7
pA →K * 0 X C 36.0 ± 0.6 ± 2.9 10.0 ± 0.2 ± 0.7 -0.8 -+0.3 0.0 -12.0 1 27.7 ± 1.1 Ti 111.5 ± 2.5 ± 9.7 31.1 ± 0.7 ± 2.3 1 27.9 ± 1.3 W 388.3 ± 6.9 ± 30.8 107.5 ± 1.9 ± 7.0 1 27.7 ± 1.3
pA → φX The good agreement of the K * 0 and K * 0 transverse momentum spectra with the powerlaw parametrisation (9) for small p T suggests that this is true also for the φ differential cross sections, where only data with p 2 T ≥ 0.3 GeV 2 /c 2 are available. Hence we have used this parametrisation to extrapolate the φ differential cross section to 0 ≤ p 2 T ≤ 0.3 GeV 2 /c 2 when calculating the total cross section. The systematic uncertainty of the extrapolations is estimated by using parametrisation (7) as an alternative and taking the difference between the two approaches. The extrapolation factors are summarized in Table 4 .
Taking into account the limited rapidity coverage of the detector, the integrated cross sections are then extrapolated to full phase space using target-specific correction factors ∆σvis. These factors are derived from the MC simulators FRITIOF [27] and HIJING [36] , and the average of both was taken for extrapolation. The systematic error was estimated by taking half the difference between the FRITIOF and the HIJING results. As quantified in Table 4 about 28% of the total cross section is accessible to the experiment. Correcting the limited phase space coverage leads to the total inclusive cross sections
for K * 0 , K * 0 , and φ production in pC-, pTi-, and pW-interactions (collected in Table 4 ). The systematic error of the cross section extrapolation in total amounts to about 2.6% for the K * 0 , 4.5% for the K * 0 , and 10.0% for the φ total production cross sections (Table 2 ).
I. Abt et al.: K * 0 and φ Meson Production in Proton-Nucleus Interactions at √ s = 41.6 GeV 13 Table 5 . Atomic mass number dependence of the integrated and total production cross sections, and extrapolated production cross sections in proton-nucleon reactions. 4.3 Atomic mass number dependence of the integrated and total cross sections Fig. 6 shows the atomic mass number dependence of the integrated cross sections σ vis for the production of K * 0 , K * 0 , and φ mesons in pA-interactions. The atomic number dependence is well-described by a power-law
where σ vis,0 is the visible proton-nucleon cross section. The results for the exponent α vis are collected in Table 5 . Comparing the values with those for inelastic pA cross sections, α inel = 0.71 ± 0.01 [37] , it follows that strange vector meson production shows a stronger A-dependence than the total inelastic cross section. While the latter scales roughly with the cross-sectional area of the nucleus, the K * 0 and φ production cross sections show a tendency towards scaling with the volume. The same parametrisation can be used to describe the A-dependence of the cross sections extrapolated to the full phase space,
σ pN is an estimate of the total cross section for strange vector meson production in protonnucleon reactions. The fitted values for α pA and σ pN are included in Table 5 , and the results for σ pN are compared to those measured at other energies in pp and pBe reactions (Fig. 5) . Our results are in good agreement with these measurements.
Cronin effect
The A-dependence of the differential cross sections dσ/dy and dσ/dp 2 T themselves is also of interest. Fig. 7 demonstrates that, for the differential cross sections integrated over p 2 T , the exponent α is in good approximation independent of rapidity in the range of the measurement. Note that mainly soft interactions with p 2 T ≤ 1 GeV 2 /c 2 contribute to the cross section. In contrast, α depends on the transverse momentum. With increasing p 2 T , α constantly increases, as shown in Fig. 8 . Cronin et al. [7] have observed this effect for the production of stable particles (π, K, p). In this analysis we report for the first time an observation of the Cronin effect for the production of vector mesons containing strange quarks. Note however, that the exponent for K * 0 and K * 0 production is smaller than that for K + and K − mesons. Only at the highest p T values do the distributions get close to each other, while the exponents α for φ and K + mesons coincide for all transverse momenta. Qualitatively the observations shown in Figure 5 . a) Comparison of K * 0 /K * 0 and K * ± meson total production cross sections at various centre-ofmass energies [38, 39, 40, 41, 42, 43, 44, 25] . The results of this analysis have been slightly displaced from each other for better visibility. b) same as a) but for φ meson production [25, 45, 46, 47, 41, 48, 49, 50] . Results of the pBe measurements have been extrapolated to A = 1. 
Conclusion
The cross sections of K * 0 , K * 0 , and φ meson production in the central rapidity region have been measured for the first time in pC-, pTi-, and pW-interactions. The cross sections show a power-law dependence σ ∝ A α with an exponent of α ≈ 0.7 − 1.1 depending both on the produced vector meson and the transverse momentum. The exponent α is found to be larger than the corresponding value for the total inelastic cross section. The measurements of α(p 2 T ) for the φ vector meson agree with the values determined by Cronin et al. [7] for K ± mesons. For the K * 0 /K * 0 mesons, α(p 2 T ) is systematically smaller. 0.0049 ± 0.0003 ± 0.0005 0.021 ± 0.002 ± 0.002 0.095 ± 0.004 ± 0.009 1.09 ± 0.04 7.6 -12.0 0.0010 ± 0.0001 ± 0.0001 0.0063 ± 0.0010 ± 0.0009 0.0183 ± 0.0008 ± 0.0020 1.06 ± 0.06 Table 7 . Compilation of the differential production cross sections dσ/dp 
